Introduction
Phosphorus (P) is a structural component of cellular macromolecules, playing a pivotal role in several metabolic pathways and energy transfer in plants (Marschner 1995) . However phosphate (Pi), a readily bioavailable source of P, is often the most limiting nutrient in rhizospheres (Rouached et al. 2010) . Pi deficiency triggers an array of adaptive responses for maintaining Pi homeostasis by integrating highly co-ordinated systemic and local Pi sensing Abel 2004, López-Arredondo et al. 2014) .
Root system architecture (RSA) plays an essential role in exploration and uptake of nutrients Ryan 2001, Gruber et al. 2013) . Primary root tip (PRT) cells of Arabidopsis thaliana have an inherent ability to sense local Pi availability independent of whole plant Pi status (Linkohr et al. 2002) , triggering inhibition of primary root growth (PRG) upon encountering Pi deficiency (Williamson et al. 2001) . By employing the cell cycle marker CycB1;1::uidA, it was shown that there is a progressive loss of expression in the apical meristem of PRTs of Pi-deprived Arabidopsis seedlings, thereby causing a shift from an indeterminate to an irreversible determinate developmental program (Sánchez-Calderón et al. 2005) . Genetic evidence has now been provided by identifying several mutants that either exhibited an exaggerated short-root phenotype due to meristem exhaustion or failed to inhibit PRG under Pi-deprived condition (Sánchez-Calderón et al. 2006 , Svistoonoff et al. 2007 , Wang et al. 2010 , Karthikeyan et al. 2014 . Interestingly, there was an elongation of primary root (PR) when grown in medium deprived of both Pi and iron (Fe) (Svistoonoff et al. 2007 , Ward et al. 2008 . These studies suggested an aberration in the ability of PR to sense local Pi deficiency in the absence of Fe. However, it was not apparent from either of these two studies whether PRG under P-Fe-condition remains indeterminate or if the onset of the determinate developmental program was delayed.
Pi deficiency-mediated arrest of PRG could exert an influence on the developmental responses of lateral roots (LRs) (Pérez-Torres et al. 2008) . Several auxin-related mutants have altered LR formation, implicating their role in the developmental response of LRs (Woodward and Bartel 2005) . Available evidences also suggest that auxin plays a role in regulating Pi deficiency-mediated effects on LR development (Nacry et al. 2005 , Jain et al. 2007 ). Therefore, this raised a pertinent question of whether Fe availability would exert any influence on the auxin-mediated developmental response of LRs during Pi deficiency. Although Svistoonoff et al. (2007) and Ward et al. (2008) demonstrated aberration in the local Pi sensing ability of PR during growth under P-Fe-condition, neither of these studies reported an effect, if any, on LR development. In fact, there are discrepant opinions about the effect of Pi deficiency itself on LR development, particularly on its length, with reports of either elongation (Williamson et al. 2001 , Linkohr et al. 2002 or attenuation (Gruber et al. 2013 , Ramaiah et al. 2014 . These discrepancies have been attributed to different growth conditions and/or elemental contamination in the growth medium (Reymond et al. 2006 , Jain et al. 2009 ). Therefore, there is a need to establish unambiguously the responses of auxinmediated LR development during growth under Pi-deprived conditions, with or without supplementation of Fe.
Split-root studies in Arabidopsis and tomato revealed the systemic regulation of Pi starvation-responsive (PSR) genes (Liu et al. 1998, Burleigh and Harrison 1999) . Photosynthates, microRNAs and other metabolites are considered to be likely non-cell-autonomous systemic signals that are trafficked through phloem from shoot to distant target cells via apoplastic or symplastic pathways (Liu et al. 2010 , Lin et al. 2014 . Genome-wide transcriptome analyses of Pi-deprived Arabidopsis identified spatiotemporal variations in the transcript abundance of genes belonging to different functional categories (Misson et al. 2005 , Morcuende et al. 2007 , Müller et al. 2007 . Although there is an evidence of a cross-talk between Pi and Fe homeostasis (Misson et al. 2005 , Hirsch et al. 2006 , Bournier et al. 2013 , it is not known whether there would be any effect on the regulation of PSR genes under P-Fe-condition. Therefore, the aim of this study was to decipher the effects of Fe availability on local (PRG and auxin-mediated LR development) and systemic (regulation of PSR genes) responses of Pi-deprived Arabidopsis seedlings.
Results and Discussion

Differential effects of Fe availability on ontogenetically distinct root traits during Pi deficiency
Several studies have shown evidence of cross-talk between Pi and Fe homeostasis (Misson et al. 2005 , Hirsch et al. 2006 , Svistoonoff et al. 2007 , Ward et al. 2008 , Bournier et al. 2013 ). This raises the question of whether Fe availability would exert any influence on local Pi sensing-mediated developmental responses of PR and LR. To investigate this, Arabidopsis seedlings were grown in sterile and element contamination-free hydroponic system comprising nutrient solution replete with both Pi and Fe (P+Fe+), deprived of Pi (P-Fe+) and depleted of both Pi and Fe (P-Fe-) for 7 d (Fig. 1) . Although different agar types are conventionally used for growing Arabidopsis seedlings for nutrition studies, their likely contamination with variable levels of macro-and micro-element could lead to erroneous interpretations (Jain et al. 2009 ). In addition, delayed diffusion of oxygen in agar media could limit oxygen availability to plant roots, and thereby trigger production of ethylene which is known to have an effect on root growth (Barrett-Lennard and Dracup 1988) . Therefore, use of a sterile element contamination-free hydroponic system is a viable alternative, and has been used successfully for dissecting Pi deficiency-mediated morphophysiological and molecular responses of Arabidopsis (Nagarajan et al. 2011 , Jain et al. 2013 . Compared with P+Fe+ seedlings, both P-Fe+ and P-Fe-seedlings exhibited retarded shoot and root development (Fig. 1A ). There were approximately 85% and 74% reductions in total shoot area of P-Fe+ and P-Fe-seedlings, respectively, compared with P+Fe+ seedlings ( Supplementary Fig. S1A, B) . Accumulation of anthocyanin in shoot was also relatively higher in P-Fe+ seedlings compared with P-Fe-seedlings ( Supplementary Fig. S1C ). This suggested an attenuated Pi stress response of P-Feshoots compared with P-Fe+ shoots. Accumulation of anthocyanin in shoot is a characteristic Pi deficiency response, and microarray analysis revealed significant induction of at least one gene at each step of the anthocyanin biosynthetic pathway (Misson et al. 2005) . In fact, lack of anthocyanin accumulation during Pi deficiency has been used as a potent tool for screening and identifying mutants that show aberration in Pi deficiency response (Rubio et al. 2001) . The results confirmed the fidelity of hydroponic system employed in inducing deficiency of Pi in the presence and absence of Fe, and thus considered suitable for deciphering the effects of Fe availability on Pi deficiencymediated developmental responses of the root system, and regulation of PSR genes.
The root system of seedlings grown under different nutrient conditions were excised at the root-hypocotyl junction and spread on agar plates (1% w/v) to reveal details of the RSA (Fig. 1B) . Significant modulation of the RSA of P-Fe+ seedlings compared with P+Fe+ seedlings was consistent with earlier studies (Jain et al. 2009 , Gruber et al. 2013 , and reiterated the developmental plasticity of the RSA under different Pi regimes (López-Bucio et al. 2003) . However, it was interesting to note that the RSA of P-Fe-seedling was distinctive and it did not reflect the additive response of the individual deficiency of Pi (Fig. 1B) and Fe (Jain et al. 2009 ), nor was there any evidence of either of these two deficiencies having priority over the other. Arabidopsis subjected to different combinations of single, double or multiple deficiencies of Pi, nitrate (N), potassium (K) and sulfate (S) also generated distinct patterns of RSA (Kellermeier et al. 2014) . This is suggestive of an innate ability of Arabidopsis in integrating and translating multiple nutrient deficiency stimuli into a complex root developmental program. Further, the effect of these nutrient conditions on primary root First-and higher-order lateral roots were spread out for revealing the details of RSA. Data are presented for (C) primary root length, n = 10, (D) and the number, n = 10, and (E) length, n = 10, of first-and higher-order lateral roots. Values (C-E) are means ± SE and different letters on histograms indicate means that differ significantly (P < 0.05). length (PRL) was evaluated (Fig. 1C) . There was a significant (P < 0.05) reduction in PRL of P-Fe+ seedlings compared with P+Fe+ seedlings, and the result was in agreement with earlier studies (Williamson et al. 2001 , López-Bucio et al. 2002 , Jain et al. 2009 ). Although PRL of P-Fe-seedlings was about 2.5-fold longer compared with P-Fe+ seedlings, it was still significantly shorter than P+Fe+ seedlings. Although Svistoonoff et al. (2007) and Ward et al. (2008) also reported a longer PRL under P-Fe-condition compared with P-Fe+, neither of these two studies provided any insight on LR development. Therefore, we investigated the effect of Fe availability on Pi deficiencymediated developmental response of the total number of first-and higher order lateral roots (NLR; Fig. 1D ). There was barely any detectable growth of LRs under P-Fe+ condition, which was in agreement with earlier studies (Jain et al. 2009 , Nagarajan et al. 2011 , Ramaiah et al. 2014 . However under P-Fe-condition, there was a significant (P < 0.05) increase in NLR, and the value was comparable with that of P+Fe+ seedlings. Further, the total length of first-and higher-order lateral roots (LLR) was also documented for the seedlings grown under different nutrient conditions (Fig. 1E) . LLR could not be documented for P-Fe+ seedlings as there were hardly any visible LRs. Although a significant (P < 0.05) increase in LLR was observed in P-Fe-seedlings compared with P-Fe+ seedlings, the value was significantly (P < 0.05) lower compared with P+Fe+ seedlings. The study provided evidence towards the role of Fe in influencing Pi deficiency-mediated LR development. Our result was in contrast to that of an earlier study reporting an accentuating effect of localized Fe supply on LLR but no influence on NLR (Giehl et al. 2012 ).
Effect of Fe availability on Pi deficiency-mediated responses of meristematic activities in PRTs and LRTs
Since PR of P-Fe-seedling was significantly longer than P-Fe+ seedling (Fig. 1B, C) , aberration or modulation in sensing Pi deficiency by PRT of the former seedling could have been hypothetical and perhaps a logical assumption. However, there was a need for an empirical evidence towards the role of Fe in PRG under Pi-deprived condition. CycB1;1::uidA, a potent cell cycle marker, has been used extensively for demonstrating a progressive exhaustion of meristematic activity in Pi-deprived PRT resulting in an irreversible inhibition of its growth (SanchezCalderon et al. 2005 , Jain et al. 2007 , Jain et al. 2009 ). This raised a pertinent question about the meristematic status of the PRT of P-Fe-seedling. Although a similar long PR phenotype was reported for P-Fe-seedling in earlier studies (Svistoonoff et al. 2007 , Ward et al. 2008 , neither of these studies discussed the effect, if any, on the meristematic status of the PRT. Therefore, to decipher the effect of Fe availability on Pi deficiency-mediated response of meristematic activity in PRT and lateral root tip (LRT), we used CycB1;1::uidA transgenic seedlings that were grown hydroponically under P+Fe+, P-Fe+ and PFe-conditions for 7 d and 14 d (Fig. 2) . Although there was a strong expression of CycB1;1::uidA in PRT of P+Fe+ seedling ( Fig.  2A) , its expression could not be detected in PRT of P-Fe+ seedling (Fig. 2B ). This suggested a complete exhaustion of meristematic activity upon deprivation of Pi under Fe-replete condition, and the result was consistent with those of several earlier studies (Sánchez-Calderón et al. 2005 , Nacry et al. 2005 , Sánchez-Calderón et al. 2006 , Jain et al. 2007 , Jain et al. 2009 ). Interestingly, expression of this marker gene was not detected in PRT of P-Feseedling either (Fig. 2C) . This suggested that Pi deficiency triggers loss of meristematic activity under both P-Fe+ and P-Fe-conditions, despite an accentuated PRG under the latter condition. This is in contrast to the conclusion drawn by Svistoonoff et al. (2007) that inhibition of PRG is impaired upon withdrawing Fe from Pi-deprived medium. Whereas, elongated PR under P-Fecondition was proposed to be due to an elimination of Fe toxicity (Ward et al. 2008) . In contrast to these views, our study provided explicit evidence of the over-riding inhibitory effect of Pi deficiency on PRG irrespective of the Fe regime. It is important to note that accentuated PRG of P-Fe-seedling compared with P-Fe+ seedling was achieved before the loss of meristematic activity of PRT of the former seedling. Once the meristematic activity was lost in PRT of P-Fe-seedling, there was no further increment in its PRL even when grown for up to 14 d (data not shown). This confirmed a loss of meristematic activity in PRT of P-Fe-seedling, thereby causing determinate growth of its PR.
Since there were significant increases in both NLR and LLR in P-Fe-seedling compared with P-Fe+ seedling (Fig. 1D, E) , we determined the status of meristematic activity in LRTs of P+Fe+, P-Fe+ and P-Fe-seedlings ( Fig. 2D-F) . Strong expression of CycB1;1::uidA was detected in LRT of P+Fe+ (Fig. 2D ) and P-Fe-seedling (Fig. 2E) . Expression of this marker gene was also apparent in the lateral root primordium (LRP) of P-Fe+ seedling (Fig. 2F) . This suggested that Pi deficiency under different Fe regimes for 7 d did not exert any influence on the meristematic activity in LRT or LRP. To determine further whether there would be any change in the status of meristematic activity in LRTs of seedlings deprived of Pi for an extended period, seedlings were subjected to P+Fe+, P-Fe+ and P-Fetreatments for 14 d. There were significant (P < 0.05) increases in LLR of P+Fe+ and P-Fe-seedlings, and their LRT showed strong expression of CycB1;1::uidA (data not shown). There was branching of LRs in P-Fe+ seedlings, with almost a complete loss and distinct expression of the marker gene in first-order and second-order LRTs, respectively (Fig. 2G ). An earlier study also reported loss of CycB1;1::uidA expression in approximately 52% of the LRTs of Arabidopsis seedlings grown in a low P medium for 14 d (Sánchez-Calderón et al. 2005) . A temporal delay in loss of meristematic activity in LRT compared with PRT under P-Fe+ condition could possibly be attributed to the difference in the ontogeny of LR and PR. Our results thus suggested that Fe availability exerts a strong influence on the developmental response of LRs during Pi deficiency, and provided an insight into how different nutrient cues are integrated into the root developmental program.
The lpsi mutant with Pi deficiency-mediated impaired PRG has an altered Fe homeostasis
The mutant local phosphate sensing impaired (lpsi) shows aberration in PRG during Pi deficiency (Karthikeyan et al. 2014) . Therefore, to obtain some insight into a likely role of Fe in regulating PRG during Pi deficiency, the mutant was compared with the wild-type for their morphophysiological and molecular responses. For this comparative analysis, the mutant and wildtype were grown hydroponically under P+Fe+ and P-Fe+ conditions for 7 d. Their roots were used for documentation of PRL, and real-time PCR analysis of PSR and Fe starvation-responsive (FSR) genes, while whole seedlings were used for determining total P and Fe concentrations (Fig. 3) . Under P+Fe+ condition, the PRL of the mutant was comparable with wild-type, but it was significantly (P < 0.05) longer in the former compared with the latter under P-Fe+ condition, indicating an aberration in sensing of Pi deficiency by PRT of the mutant (Fig. 3A) . The result was consistent with an earlier study (Karthikeyan et al. 2014) . Further, inductively coupled plasma mass spectrometry (ICP-MS) analysis revealed comparable P concentrations in the mutant and wild-type seedlings under both P+Fe+ and P-Fe+ conditions (Fig. 3B) . Although no significant (P < 0.05) variation was detected in Fe concentrations of mutant and wildtype seedlings under P+Fe+ condition, there was a significant (P < 0.05) reduction in Fe concentration of the former compared with the latter when subjected to Pi deprivation (P-Fe+). The result suggested a perturbation in Fe homeostasis of Pideprived mutant seedlings, which perhaps provided some explanation for the observed defect in sensing of Pi deficiency by its PRT. Next, we questioned whether altered Fe concentration in Pi-deprived mutant would exert any commensurate influence on the expression of genes involved in the maintenance of Pi and/or Fe homeostasis. To address this question, real-time PCR analysis was carried out to compare the relative expression profiles of PSR and FSR genes in roots of mutant and wild-type seedlings grown under P+Fe+ and P-Fe+ conditions (Fig. 3C) . The expression levels of PSR and FSR genes in P+Fe+ wild-type seedlings were normalized to 1. Under P+Fe+ condition, the expression levels of IPS1 were comparable in roots of wild-type and lpsi mutant. However, significant increases in the expression levels of Pht1;4, PLDZ2 and At4 were observed in mutant roots compared with wild-type, whereas significant attenuations in the expression levels of FRO2 and IRT1 were detected in mutant roots compared with the wild-type. This suggested altered expression levels of PSR and FSR genes in mutant under Pi-replete condition. In P-Fe+ wild-type roots, the expression levels of several PSR genes were elevated, ranging from $ 100-fold (IPS1) to $ 10-fold (At4). The result was consistent with their functionally diverse roles in the maintenance of Pi homeostasis during Pi deprivation (Jain et al. 2009 ). Although there were slight variations in the expression levels of these PSR genes in P-Fe+ mutant roots compared with P-Fe+ wild-type, the values were statistically non-significant. This suggested that the molecular mechanism governing the maintenance of Pi homeostasis in Pi-deprived mutant remains apparently unaffected. In contrast, there were significantly accentuated expression levels of FSR genes i.e. ferric chelate reductase FRO2 ($6-fold) and Fe transporter IRT1 ($12-fold) in P-Fe+ mutant roots compared with corresponding wild-type roots (Fig. 3C) . Earlier studies have shown that both FRO2 and IRT1 are induced in Fe-deprived roots of Arabidopsis and act in tandem, with the former involved in reduction of Fe 3+ to Fe 2+ , which is subsequently transported across the root membrane by the latter (Robinson et al. 1999 , Vert et al. 2002 . This suggested that P-Fe+ mutant seedlings experienced some degree of Fe stress despite being grown under Fe-replete condition, thus providing circumstantial genetic evidence for a plausible link between altered Fe homeostasis and the Pi deficiency-mediated modulated response on PRG.
Fe availability affects auxin-mediated Pi deficiency responses
Auxin plays a significant role in development of LRs in Arabidopsis (Casimiro et al. 2001) . During Pi deficiency, transport of auxin or sensitivity towards this phytohormone is modulated in root system (Nacry et al. 2005 , Pérez-Torres et al. 2008 . Spatiotemporal global gene expression analysis of Pi-deprived Arabidopsis revealed induction of several genes involved in auxin response (Misson et al. 2005) . Together, these studies suggested the potential role of auxin in mediating developmental responses of root system of Pi-deprived seedlings. Since there were significant increases in PRL, NLR and LLR of P-Fe-roots compared with P-Fe+ roots (Fig. 1) , we questioned whether auxin has any role to play in eliciting differential responses of their root systems. Therefore to obtain an insight, wild-type, double mutant (arf7arf19) and transgenics [harboring auxin-responsive gene (ARG)-reporter gene constructs] were grown hydroponically in P+Fe+, P-Fe+ and P-Fe-nutrient media for 7 d (Fig. 4) . The expression patterns of PIN1:GFP, PIN3:GFP, DR5rev:GFP-ER and SCR:GFP-ER were monitored in PRTs and LRTs (in close proximity to PRTs) of P+Fe+, P-Fe+ and P-Fe-seedlings (Fig. 4A) . The expression patterns of PIN1:GFP were distinctive in both PRTs and LRTs of P+Fe+ seedlings. In comparison, expression in corresponding tissues of seedlings grown under P-Fe+ and P-Fe-conditions revealed more of a diffuse pattern laterally and proximally. A similar diffuse expression pattern was also evident for PIN3:GFP in P-Fe+ PRTs and LRTs. Although the expression pattern of PIN3:GFP in P-Fe-PRTs and LRTs was not diffuse, its extended expression up to the proximity of PRTs and LRTs was comparable with that of P-Fe+ seedlings. The results revealed an influence of Fe availability on Pi deficiency-mediated effects on auxin transporters. Pi deficiency-mediated altered auxin transport affects the distribution of auxin in root system (Nacry et al. 2005) , and for microscopic visualization Arabidopsis transgenics harboring auxin-responsive DR5::reporter gene have been used extensively (Nacry et al. 2005 , Jain et al. 2007 , Miura et al. 2011 . Therefore Arabidopsis transgenic harboring DR5rev:GFP-ER was used for determining the effect of Fe availability on Pi deficiency-mediated distribution of auxin in PRT and LRT. Compared with expression pattern of DR5rev:GFP-ER in PRT and LRT of P+Fe+ seedling, there was a noticeable shift in the expression from the meristematic zone to the elongation zone (shootward) of P-Fe+ PRT and its very weak/loss of expression in P-Fe-PRT. The expression pattern in P-Fe+ LRT was almost comparable with P-Fe+ PRT, whereas the expression pattern in P-Fe-LRT was comparable with P+Fe+ LRT. Differential expression of DR5rev:GFP-ER in PRT and LRT could be attributed to their distinct ontogeny. The results thus suggested that altered activities of auxin transporters (PIN genes) have an effect on auxin distribution in root system of seedlings deprived of Pi with or without Fe. We further explored the effect of Fe availability on Pi deficiency-mediated influence on the expression of a gene involved in auxin-regulated maintenance of the meristem in PRT and LRT. SCARECROW (SCR) is a member of GRAS transcrition factor family and a key regulator of root meristem maintenance (Ticconi et al. 2009 ). The expression pattern of SCR:GFP-ER was somewhat diffuse in PRT and LRT of P-Fe+ and P-Fe-seedlings compared with P+Fe+ seedling. Interestingly, expression of SCR:GFP-ER near the stem cell niche area of P-Fe-PRT was absent, indicating reduced or no stem cell activity. Our study thus highlighted the pivotal role of Fe availability on Pi deficiency-mediated effects on different components of the auxin signaling pathway and/or auxin patterning, thereby triggering commensurate remodeling of root growth and architecture. SIZ1 has been implicated in negatively regulating Pi deficiency-mediated modulation of the RSA through the control of auxin patterning (Miura et al. 2011) . Whether Fe availability would affect the regulatory influence of SIZ1 on RSA during Pi deprivation is a matter of conjecture, and needs further investigation.
Next, we investigated the effect of Fe availability on Pi deficiency-mediated responses of the relative expression of ARGs implicated in sensitivity to auxin (TIR1, ARF7 and ARF19) and its transport (PIN1, PIN3 and PIN7) (Fig. 4B) . Plasma membrane-localized PINs (1, 3 and 7) are efflux carriers involved in intercellular and intracellular transport of auxin Péret 2012, Geisler et al. 2014) . In P-Fe+ roots, there were >2-fold inductions in the relative expression levels of ARF19, PIN3 and PIN7 and a rather marginal induction of ARF7 and PIN1 compared with P+Fe+ roots. Notably, the expression of TIR1 was comparable in P+Fe+ and P-Fe+ roots. Expression levels of all these genes were significantly attenuated in P-Fe-roots compared with P-Fe+ roots. An earlier study reported Pi deficiency-mediated altered transport of auxin resulting in modulated auxin distribution in the root system (Nacry et al. 2005) . On the other hand, Pérez-Torres et al. (2008) suggested enhanced auxin sensitivity of Pi-deprived roots through elevated expression of the auxin receptor TIR1, which triggered the degradation of AUX/IAA repressors thereby unshackling auxin response factor 19 (ARF19), and possibly other ARFs, resulting in regulation of ARGs. In the context of these reports, our results suggest a significant role for Fe in affecting Pi deficiency-mediated responses of the root system by modulating the distribution of auxin and/or its sensitivity.
Cyclophilins are considered to be an important component of the auxin signaling pathway in diverse plant species , Oh et al. 2006 ). For instance, rice OsCYP2 plays a role in degradation of AUX/IAA proteins, and its mutation elicits a defect in LR development (Kang et al. 2013 . Since Fe availability exhibited a substantial influence on Pi deficiency-mediated responses of auxin sensitivity and/or transport, we therefore investigated the changes, if any, in the expression profile of some members of the cyclophilin gene family (CGF) in roots of seedlings grown under P+Fe+, P-Fe+ and P-Fe-conditions (Fig. 4C) . In Arabidopsis, CGF comprises 29 members including both single and multidomain isoforms (Romano et al. 2004) . Compared with P+Fe+ roots, P-Fe+ roots showed up-regulation of the relative expression levels of CYP37 (5.3-fold), CYP19-2 (4.2-fold) and CYP63 (3.2-fold). Some of the other members of the CGF (CYP26-2, CYP38, CYP21-4, CYP18-3, CYP21-2 and CYP28) also revealed a 2-to 3-fold induction under P-Fe+ condition (data not shown). The expression levels of CYP37, CYP19-2 and CYP63 were significantly attenuated in P-Fe-roots and were almost comparable with P+Fe+ roots. A similar trend of reduced expression levels was also observed for other members (CYP26-2, CYP38, CYP21-4, CYP18-3, CYP21-2 and CYP28) of the CGF (data not shown). The relative expression of several other members of this family (CYP21-1, CYP18-2, CYP18-1, CYP20-1, CYP22-1, CYP40, CYP20-2, CYP18-4, CYP95, CYP71, CYP20-3, CYP19-1 and CYP59) remained unaffected irrespective of Pi and/or Fe regime (data not shown). The results not only Fig. 4 Effects of Fe availability on auxin-mediated Pi deficiency responses. Wild-type, transgenics (PIN1:GFP, PIN3:GFP, DR5rev:GFP-ER and SCR:GFP-ER) and ARF double mutant arf7arf19 were grown hydroponically in P+Fe+, P-Fe+ and P-Fe-nutrient media for 7 d. (A) GFP fluorescence images of PRTs and LRTs (in close proximity to PRTs) of transgenic seedlings were merged on DIC images (Â20 objective). Roots of wild-type seedlings were used for real-time PCR analysis of (B) ARGs and (C) members of the cyclophilin gene family. (B, C) ACT2 was used as an internal control and P+Fe+ value was normalized to 1. Data presented are means of six technical replicates ± SE. Different letters on histograms indicate significant differences in the relative level of gene expression. (D) Representative RSAs of 10 seedlings each of arf7arf19 mutant grown under different nutrient conditions. Data are presented for PRL (E) and NLR (F). Values (E, F, n = 10) are means ± SE and different letters on histograms indicate that means that differ significantly (P < 0.05).
highlighted the lack of functional redundancy across the members of CGF, but also their potential roles in mediating auxindependent differential root responses of P-Fe+ and P-Feseedlings. Finally, to obtain some genetic evidence of the effect of Fe availability on Pi deficiency-mediated developmental responses of LRs, ARF double knock-out mutant arf7arf19, which normally does not form LRs, was grown under P+Fe+, PFe+ and P-Fe-conditions for 7 d (Fig. 4D-F) . The effect of different nutrient conditions on PRL of double mutant (Fig. 4D,  E) was comparable with wild-type (Fig. 1B, C) . In double mutant, although LRs did not develop under P+Fe+ condition, a few of them emerged under P-Fe+ condition, with a further increase in their number under P-Fe-condition (Fig. 1D, F ). An earlier study also reported the formation of laterals in this double mutant upon slightly bending the decapitated roots, indicating a potential role for some root-tip-derived signal in triggering LR development in the mutant (Ditengou et al. 2008 ). The results thus provided plausible genetic evidence of the effect of Fe availability on Pi deficiency-mediated response of LR development possibly by modulating the sensitivity and/or transport of auxin in roots and/or by some signal being transmitted from the altered PRT. Since there is also a prevalence of cross-talk between Fe homeostasis and cytokinins (Séguéla et al. 2008 ), a role for Fe in exerting its influence on Pi deficiencymediated responses of root system through its cross-talk with this phytohormone could not be ruled out. Although cytokinins repress the expression of PSR genes (Martín et al. 2000) , more in-depth analysis is warranted to determine its role in regulating the local Pi sensing response of PRL through its cross-talk, if any, with Fe homeostasis.
Fe availability during Pi deficiency affects P, Fe and Zn concentrations, and the expression of PSR genes
Deficiency of Pi and Fe triggers significant increases in concentrations of Fe and Zn, respectively, that affect expression levels of the corresponding genes involved in the maintenance of their homeostasis (Misson et al. 2005 , Hirsch et al. 2006 , Haydon et al. 2012 , Shanmugam et al. 2012 . Therefore, to determine the effect of Fe availability on Pi deficiency-mediated responses of the concentrations of P, Fe and Zn and the expression of genes involved in the maintenance of their homeostasis, wild-type Arabidopsis seedlings were grown under P+Fe+, P-Fe+ and P-Fe-conditions for 7 d. ICP-MS analysis was performed to determine the concentrations of P, Fe and Zn in whole seedlings, while the relative expression level of genes was assayed in roots of these seedlings by using real-time PCR (Fig. 5 ). There were significant (P < 0.05) effects of Fe availability on the concentrations of P, Fe and Zn during Pi deficiency (Fig. 5A) . As anticipated, there was a significant (P < 0.05) reduction in P concentration (75.12%) in P-Fe+ seedlings compared with P+Fe+ seedlings. Although P concentration in P-Fe-seedlings was 62.9% lower compared with P+Fe+ seedlings, the value was approximately 50% higher compared with P-Fe+ seedlings. The result clearly revealed the effect of Fe availability on P concentration in Pi-deprived seedlings. On the other hand, approximately 6-fold increase in Fe concentration of P-Fe+ seedlings compared with P+Fe+ seedlings revealed an antagonistic relationship between Pi and Fe and was in agreement with earlier studies (Misson et al. 2005 , Hirsch et al. 2006 . Significantly higher Fe concentration of approximately 2,500 mg kg À1 observed in P-Fe+ seedling was greatly above the threshold value of approximately 500 mg kg À1 for Fe toxicity in higher plants (Marschner 1995) . Therefore, strong inhibitory effects of P-Fe+ treatment on developmental responses of shoot ( Supplementary Fig. S1 ) and root ( Fig. 1) could possibly be the consequence rather than the cause of the observed excessive Fe concentration. This assumption gains further creditability by significantly lower Fe concentration in P-Fe-seedlings compared with P-Fe+ seedlings and commensurate accentuated growth performances of both root and shoot ( Fig. 1; Supplementary Fig. S1 ). However, under PFe-condition, Fe concentration decreased significantly (P < 0.05) and the value was lower compared with both P+Fe+ and P-Fe+ seedlings. Further, a 2.5-fold increase in Zn concentration was observed in P-Fe-seedlings compared with P+Fe+ seedlings and there was also significantly (P < 0.05) lower Zn concentration in P-Fe+ seedlings compared with P+Fe+ seedlings. The results not only suggested an antagonistic cross-talk between Fe and Zn concentrations, but also a prevalence of a cross-talk between Pi and Zn. The results were in agreement with earlier studies reporting a cross-talk between Fe and Zn (Haydon et al. 2012 , Shanmugam et al. 2012 , and also between Pi and Zn (Huang et al. 2000 , Khan et al. 2014 . Overall, the results suggested complex tripartite interactions across P, Zn and Fe for the maintenance of nutrient homeostasis.
In addition, we also determined the effects of Pi and/or Fe deficiency on the concentrations of other macro-(Ca, K, S and Mg) and micro-(Mn and Cu) elements. There were no significant (P < 0.05) differences in Ca concentration of the seedlings grown under P+Fe+, P-Fe+ and P-Fe-conditions (data not shown). Whereas there were significant (P < 0.05) reductions of up to 57% and 64% in K concentrations in P-Fe+ and P-Feseedlings, respectively compared with P+Fe+ seedlings. The results suggested a strong interaction between P and K and was consistent with an earlier microarray analysis of the global Pi deficiency response that revealed significant induction of the expression of several genes encoding different K transporters, i.e. KUP10, KUP11, HAK5, KAT1 and KEA2 (Misson et al. 2005) . In another study, a high-density array consisting of 1,280 genes from tomato roots revealed induction of K and Pi transporter genes in Pi-deprived and K-deprived roots, respectively, suggesting their co-regulation and co-ordinated acquisition by plants (Wang et al. 2002) . Likewise, there was $ 9% higher S concentration in P-Fe+ seedlings compared with P+Fe+ seedlings, whereas there was $ 10% reduction in S concentration in P-Fe-seedlings compared with P+Fe+ seedlings. The results were in agreement with earlier studies showing an interaction between sulfate and Pi homeostasis as indicated by accentuated expression of SULTR1;3, and SULTR3;4 during Pi deficiency (Misson et al. 2005 , Rouached et al. 2011 . The presence of a motif in the promoter of SULTR1;3 that is potentially recognizable by PHR1 suggested the involvement of this transcription factor in sulfate shoot to root flux during Pi deficiency (Rouached et al. 2011 ). There were also 53% and 41% reductions of Mg concentrations in P-Fe+ and P-Fe-seedlings, respectively compared with P+Fe+ seedlings. Earlier studies also reported significant reduction in concentration of Mg in Arabidopsis seedlings deprived of Pi (Gruber et al. 2013 , Kellermeier et al. 2014 . Mg plays a pivotal role in growth and developmental responses of Arabidopsis (Williams and Salt 2009) . Whole-genome transcriptome analysis of Mg-deprived young mature leaves of Arabidopsis revealed up-regulation of an array of genes involved in ABA signaling (Hermans et al. 2010) . This suggested the effect of Fe availability on the magnitude of the cross-talk between P and Mg, and thereby a likely influence on the ABA signaling pathway. P-Fe+ and P-Feseedlings also exhibited 18% and 14% reductions in Mn concentration, respectively compared with P+Fe+ seedlings. With respect to Mn concentration, the cross-talk was evident not only with P but also antagonistically with Fe. Mn is an essential microelement required as a cofactor and/or as an activator of several enzymes (Marschner 1995) . Antagonistic cross-talk between Mn and Fe was also apparent in a inductively coupled plasma-optical emission spectroscopy analysis of Arabidopsis seedling deprived of Mn, which showed an elevated Fe concentration (Yang et al. 2008 ). Therefore, it was not surprising to see a higher Mn content in P-Fe-seedlings compared with P-Fe+ seedlings. The Cu concentration was also 35% lower in P-Fe+ seedlings compared with P+Fe+ seedlings. However, no significant (P < 0.05) difference could be detected in Cu concentrations of P+Fe+ and P-Fe-seedlings.
Overall, the ionomic analysis demonstrated the variable effects of Pi and/or Fe availability on concentrations of different macro-and micro-nutrient in Arabidopsis seedlings. However, it is important to note that other than Fe, which showed extraordinarily high levels in P-Fe+ seedlings, the effects on concentrations of other macro-and micro-nutrient under different growth conditions were relatively moderate. The results reiterated the toxic effects of high Fe concentration in P-Fe+ seedlings on their retarded growth performance. An earlier study also implicated the toxic effect of Fe on attenuated root growth of P-Fe+ seedlings (Ward et al. 2008) . The results thus suggested a potential strategy of alleviating Pi deficiency by manipulating the available Fe in soils.
This led us to investigate the effect of Fe availability on Pi deficiency-mediated response of the expression of genes belonging to different functional categories that have been implicated in the maintenance of Pi homeostasis (Fig. 5B) . LPR1 and its close paralog LPR2 are epistatic to endoplasmic reticulumbased PDR2 and together they interact genetically in regulating sensing of local Pi deficiency by PRTs causing inhibition of root growth (Svistoonoff et al. 2007 , Ticconi et al. 2009 ). Since PRL of P-Fe-seedling was significantly higher compared with P-Fe+ seedling (Fig. 1B, C) , it suggested a likely perturbation in PDR2-LPR1/LPR2 pathway in PRT of the former seedling. To determine this, the relative expression levels of these genes were assayed in roots of seedlings grown in different nutrient media. Although the relative expression of PDR2 was comparable under P+Fe+ and P-Fe+ conditions, its expression was significantly reduced under P-Fe-condition (Fig. 5B) . In contrast, the relative expression of LPR1 was comparable under different nutrient conditions (data not shown), whereas there was a significant increase and decrease in expression levels of LPR2 under P-Fe+ and P-Fe-conditions, respectively compared with P+Fe+ condition (Fig. 5B) . The results thus suggested a likely influence of Fe availability on PDR2/LPR2-mediated local Pi deficiency response of PR. We further investigated the effect of Fe availability on the expression of PSR genes involved in acquisition of Pi by roots (Pht1;1 and Pht1;4; Shin et al. 2004) , its mobilization from source to sink (Pht1;5; Nagarajan et al. 2011) , sequestering miR399c-suppressing activity on PHO2 through target mimicry (lPS1; FrancoZorrilla et al. 2007 ) and transcriptional regulation by the transcription factor genes WRKY 45 (Misson et al. 2005) , WRKY 75 (Devaiah et al. 2007a ), ZAT6 (Devaiah et al. 2007b ) and PRD (Camacho-Cristóbal et al. 2008) . Under P-Fe+ condition, the expression of all these PSR genes showed variable levels of induction, ranging from >90-fold (lPSI) to between 2-and 3-fold (Pht1;1 and WKRY75) and their differential expression patterns were consistent with earlier studies. On the other hand, under P-Fe-condition, there were significant attenuating effects on the relative expression levels of Pht1;1, Pht1;4, lPS1, WRKY45 and WRKY75 and their values were almost comparable with P+Fe+. Although the attenuating effects of P-Fe-condition were also evident on the expression levels of Pht1;5, ZAT6 and PRD when compared with P-Fe+, their expression levels remained significantly higher compared with P+Fe+. Altered expression levels of these PSR genes in P-Fe+ and P-Fe-seedlings were consistent with their corresponding P concentrations (Fig. 5A) . The results thus suggested a pivotal role of Fe in eliciting Pi deficiency-mediated responses of the expression profiles of PSR genes belonging to different functional categories. A similar antagonistic interaction between Pi and Fe was also reported in rice, where Pi availability was shown to affect the regulation of Fe-responsive genes (Zheng et al. 2009 ). For instance, microarray analysis in this study revealed significant alterations in 7,628 transcripts under P+Fe-condition, but many of these modulations were reversed under P-Fecondition, with only approximately 15% overlapping with P+Fe-alone. Overall our study and that of Zheng et al. (2009) reiterated the prevalence of a cross-talk between Pi and Fe in taxonomicialy diverse Arabidopsis and rice.
Fe availability affects Pi deficiency-mediated response of ZSR genes and the inhibitory effect of Pi deficiency on PRG is compromised by excess Zn
Since there was $ 2.5-fold increase in Zn concentration in P-Fe-seedlings compared with P+Fe+ seedlings (Fig. 5A) , a likely effect on the expression of Zn starvation-responsive (ZSR) genes under these different nutrient conditions was postulated.
In an earlier study, we reported the effect of Zn deficiency (0 mM) on the relative expression of ZSR genes comprising members of the ZIP family (ZIP1-ZIP12) and heavy metal ATPase (HMA2 and HMA4) in both roots and shoots compared with seedlings grown under Zn+ (3 mM) condition (Jain et al. 2013) . The study showed significant stimulatory and differential effects of Zn deficiency on the relative expression of ZSR genes in both roots and shoots. Among these ZSR genes ZIP4, ZIP12 and HMA2 showed 6.2, 19.1 and 6.7 fold induction, respectively in roots. Since expression levels of these three genes were also significantly induced in Zn-deprived shoots, their potential roles not only in acquisition of Zn by roots but also in its subsequent mobilization to shoot were hypothesized (Jain et al. 2013) . Therefore, for the present study we looked at the relative expression of these three genes in roots of the seedlings grown hydroponically under P+Fe+, P-Fe+ and P-Fe-conditions for 7 d (Fig. 6A ). There were significant elevations in the expression levels of these three genes in roots of P-Fe+ seedlings compared with P+Fe+ roots. Although in P-Fe-roots there were significant attenuations in their expression levels compared with P-Fe+ roots, their expression levels remained significantly higher compared with P+Fe+ roots. The results provided ample evidence of the role of Fe in maintaining not only Pi homeostasis but also that of Zn, which plays an equally pivotal role in growth and development of plants (Palmer and Guerinot 2009, Jain et al. 2013) .
Since real-time PCR analysis revealed an antagonistic interaction between Fe and Zn, we therefore speculated whether the long root phenotype of P-Fe-seedlings could be phenocopied by growing them under P-condition supplemented with an excess Zn. For growing Arabidopsis hydroponically under Znreplete condition, concentration of Zn used was 3 mM in the nutreint medium (Jain et al. 2013) . To create an excess Zn condition, Zn concentration was raised to 30 mM in P-medium. From here onwards, Pi-deprived media supplemented with normal and excess Zn concentrations are referred as P-Zn+ and P-Zn++ conditions, respectively. Wild-type and transgenic CycB1;1::uidA seedlings were grown hydroponically under P-Zn+ and P-Zn++ conditions for 7 d (Fig. 6B-D) . It is important to note that P-Zn+ is similar to P-Fe+. Seedlings grown under P-Zn++ condition showed well developed shoots and root system compared with P-Zn+ seedlings, Wild-type seedlings were grown hydroponically under P+Fe+, P-Fe+ and P-Feconditions for 7 d. Real-time PCR analysis was carried out to determine the relative expression levels of ZSR genes in roots. The P+Fe+ value was normalized to 1. (B-D) Wild-type and CycB1;1::uidA transgenic seedlings were grown hydroponically under Pi-deprived conditions supplemented with either a normal (3 mM) or excess (30 mM) Zn concentration, and are referred to as P-Zn+ and P-Zn++, respectively. Growth (B) and root (C) responses of wild-type and CycB1;1::uidA transgenic seedlings, respectively under P-Zn+ and P-Zn++ conditions. The inset in (C) shows representative photographs of 10-15 histochemical GUS-stained CycB1;1::uidA seedlings showing no expression and strong expression in PRTs of P-Zn+ and P-Zn++ seedlings, respectively. (D) Real-time PCR analysis of genes involved in the maintenance of Fe and Zn homeostasis in roots of seedlings grown under P-Zn+ and P-Zn++ conditions. The P-Zn+ value was normalized to 1. ACT2 was used as an internal control. Data presented are means of six technical replicates ± SE. Different letters on histograms indicate significant differences in the relative level of gene expression.
which showed typical signs of Pi stress in the form of anthocyanin accumulation in the shoot and stunted root growth (Fig. 6B) . This suggested that excess Zn could alleviate the Pi stress response. Compared with P-Zn+ seedling, P-Zn++ seedling exhibited a significantly (P < 0.05) higher PRL and increases in both NLR and LLR (Fig. 6C) . These results provided evidence towards the effects of excess Zn in alleviating Pi stress responses during shoot and root development. This suggested that either supplementation with excess Zn or removal of Fe from Pi-deprived medium could elicit almost similar stressalleviating developmental responses of shoot and root. However, there was a noticeable difference in the expression pattern of CycB1;1::uidA in PRTs of P-Fe-and P-Zn++, with the former showing complete loss of expression indicating exhaustion of meristematic activity (Fig. 2C) , while the latter showed strong expression of this cell cycle marker gene revealing meristematic activity despite being grown under Pi-deficient condition (Fig. 6C, inset) . Therefore, it could be presumed that excess Zn exerts a disruptive influence on Pi deficiency-mediated inhibition of PRG either independent of Fe sensing and signaling pathway or indirectly through its crosstalk with Fe homeostasis. To determine further the effect, if any, of excess Zn on Fe concentration, the level of Fe was quantified in seedlings grown under P-Zn++ condition by ICP-MS analysis and the result was compared with seedlings grown under P-Zn+ (also could be read as P-Fe+) condition (Fig. 5A) . The analysis revealed 1,238 ± 59.36 mg kg -1
Fe concentration in P-Zn++ seedlings, which was significantly (P < 0.05) lower compared with the value of 2,341 ± 98.54 mg kg -1 in P-Zn+ seedlings (see Fig. 5A ). The analysis indicated that despite P-Zn++ seedlings grown under Fe-replete condition, it experienced Fe deficiency due to excess Zn in the medium. This suggested that excess Zn altered Fe homeostasis in P-Zn++ seedlings.
Although Zn is essential for maintaining biological activity of various proteins, it becomes toxic when accumulated in excess due to its incidental binding to proteins and consequent displacement of other metal ions including Fe (Lin and Aarts 2012) . Therefore, Arabidopsis has evolved an intricate adaptive molecular mechanism for conferring tolerance to excess Zn and/or its vacuolar sequestration by inducing the expression of an array of genes including tonoplast-localized MTP3, HMA3 and HMA4 (Hussain et al. 2004 , Arrivault et al. 2006 , Morel et al. 2009 ). Therefore, effects of P-Zn++ condition on the expression of FSR genes, that show significant induction (FRO2 and IRT1; Fig. 3C ) and suppression (FER1; Misson et al. 2005) during Fe deficiency were investigated. Roots of the seedlings grown hydroponically under P-Zn+ and P-Zn++ for 7 d were used for determining the relative expression of these genes involved in the maintenance of Zn and Fe homeostasis (Fig. 6D) . Significant increases in the expression levels of MTP3, HMA3 and HMA4 in P-Zn++ roots compared with P-Zn+ roots suggested that P-Zn++ seedlings were experiencing excess Zn condition. Whereas significant increases in the expression levels of FRO2 and IRT1 and attenuation in the expression of FER1 in roots of P-Zn++ seedlings compared with P-Zn+ seedlings pointed towards the development of Fe deficiency symptoms in the former despite being grown in a nutrient medium enriched with Fe. Arabidopsis halleri, Thlaspi goesingense and T. caerulescens are Zn hyperaccumulators (Willems et al. 2007 , Guimarães et al. 2009 ). It would be thus intriguing to determine the status of Fe in these plants, and its effect on the root system during Pi deficiency. In addition, a better insight into the effect of Zn availability on Pi deficiency-mediated responses of PRL and LR development could possibly be achieved by employing a zinc fluorophore (Sinclair et al. 2007 ).
In conclusion, our study reveals a significant influence of Fe availability on Pi deficiency-mediated local and systemic responses of different root traits and PSR genes, respectively. The study also highlighted the potential roles of auxin and Zn in mediating local Pi deficiency responses of the root system during growth under different Fe regimes. Further studies in Arabidopsis are warranted for a more holistic elucidation of the effects of cross-talk between Fe and Zn sensing and signaling cascade on Pi deficiency responses at multiple levels of gene regulation by employing complementary next-generation RNA sequencing (RNA-seq) (O'Rourke et al. 2013 , Secco et al. 2013 and proteome profiling (Lan et al. 2012) . In conjunction with these state-of-the-art molecular techniques, analysis by synchrotron-based X-ray fluorescence (m-XRF) could further provide useful insights into the effect of Fe availability on the distribution of Pi at the cellular level during growth of Arabidopsis seedlings under different Pi and/or Fe regimes. Due to its high sensitivity and resolution, this technique has been used extensively for in vivo cellular localization of various elements (Lombi and Susini 2009, Tian et al. 2014 ).
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Col-0, transgenics (CycB1;1::uidA, Colón-Carmona et al. 1999; SCR:GFP-ER, Wysocka-Diller et al. 2000; DR5rev:GFP-ER, Friml et al. 2003; PIN1:GFP and PIN3:GFP, She et al. 2010) , ARF double mutant arf7arf19 (Okushima et al. 2005 ) and lpsi mutant (Karthikeyan et al. 2014) were used in this study. Arabidopsis seeds were surface-sterilized and grown in a hydroponic set-up as described (Jain et al. 2009 ). For documenting RSA and the microscopy study, about 8-10 seeds were sown around the perimeter of a sterilized 250 mm polypropylene mesh (Sefar, USA). Seeds were sown at a higher density ($100 seeds per mesh) for generating bulk root and/or shoot tissues for elemental and realtime PCR analysis. Seeds sown on mesh were then placed on a wedge support in a Magenta box containing approximately 200 ml of half-strength Murashige and Skoog (0.5 MS) medium + 1.5% (w/v) sucrose (Suc), pH 5.7. Seedlings were grown for 5 d in a growth room (16 h day/8 h night cycle and mean photosynthetically active radiation [PAR] of 70-80 mmol m À2 s À1 provided by white florescent tubes) with the temperature maintained at 22 C. Germinated seedlings were rinsed three times with sterile water, transferred to one of the nutrient media (P+Fe+, P-Fe+ or P-Fe-) and grown for another 7 d in the growth room. Since the nutrient solutions used in the aseptic hydroponic system were non-aerated, there was a likelihood of oxygen limitation with elevated ethylene production exerting adverse effects on roots and shoots during the treatment. To circumvent this, nutrient solutions were changed on alternate days, and the hydroponic setup was shaken gently 3-4 times a day. P+Fe+ medium was prepared as described (López-Bucio et al. 2002) . P-Fe+ medium was prepared by replacing KH 2 PO 4 in P+Fe+ medium with an equimolar concentration of K 2 SO 4 . FeSO 4 /Na 2 EDTA was eliminated from P-Fe+ medium for prepariation of P-Fe-medium. For preparing P-Zn++, 3mM ZnSO 4 .7H 2 O in Pi-deprived medium was replaced with 30 mM ZnSO 4 .7H 2 O. To all the nutrient media, 1.5% (w/v) Suc was added and pH was adjusted to 5.7.
Analysis of morphological traits
Under a stereomicroscope, roots were dissected at root-hypocotyl junction. To reveal RSA, PR and LR were spread out gently with a brush on agar petridish. Root system was scanned at 600 d.p.i. resolution by using a desktop scanner. ImageJ (Collins 2007) was used for measuring the total shoot area and different root traits.
Quantification of anthocyanin
Anthocyanin was extracted from Arabidopsis shoots as described (Lange et al. 1971) . The optical density was measured at A 532 and A 653 and a small overlap by chlorophyll at A 532 was compensated by subtracting 0.24 A 653 (Murray and Hackett 1991) . The corrected absorbance and molar extinction coefficient (e) of 38,000 l mol À1 cm À1 for anthocyanin were used for quantification (Hrazdina et al. 1982) .
Reporter gene assays
For histochemical detection of b-glucuronidase (GUS) activity, transgenic CycB1;1::uidA seedlings were treated as described (Jain et al. 2009 ) and GUS expression in PRT and LRT of $ 15 samples for each of the treatments was captured using a stereomicroscope (Leica MZ16). Green fluorescent protein (GFP) images of PRTs and LRTs of transgenics PIN1:GFP, PIN3:GFP, DR5rev:GFP-ER and SCR:GFP-ER were captured using GFP filter of Axio Imager 2 (Carl Zeiss Microscopy) and merged on DIC images using ZEN 2012 software.
Elemental analysis
Seedlings were washed with sterile deionized water and dried for 48 h in an oven at 60 C. Dried samples (25-30 mg) were digested overnight with 3 ml of concentrated HNO 3 at 80 C in Pyrex tubes and then diluted to 15 ml with sterile deionized water. Concentrations of macro-and micro-elements were quantified along with standards (www.inorganicventures.com) using ICP-MS (iCAP Q, Thermo Fisher Scientific).
Real-time PCR
RNA extraction and real-time PCR were carried out as described (Jain et al. 2009 ). ACT2 was used as an internal control. Relative expression levels of the genes were computed by 2-ÁÁC T method of relative quantification (Livak and Schmittgen 2001) . A list of primers used for real-time PCR is given in Supplementary Table S1 .
Statistics
For each experiment, data were collected from 2-3 independent biological experiments. Statistical significance of differences between mean values was determined by analysis of variance (ANOVA) using SPSS 20 program. Univariate and multivariate analytical procedures with a Tukey's honestly significant difference mean-separation test were used for comparing more than two data sets. Different letters on histograms were used to indicate means that were statistically different at P < 0.05.
Supplementary data
Supplementary data are available at PCP online. 
